Until now, perfluorinated proton exchange membrane (PEM) has been widely used as the electrolyte for PEMFC. As long as the perfluorinated OEM is used for the electrolyte, both the cell performance and durability of OEMFC strongly depends on the water content in its electrolyte, since the high conductivity of electrolyte is presented only at the sufficient hydrated state. On the other hand, pre-humidification of fuel and oxidant gases complicates the PEMFC system and prevents it from cost reduction. Therefore, in order to achieve simultaneously the high performance, durability and cost reduction of PEMFC, it is thought to be a best way that both the anode and cathode catalyst layers will be highly humidified only by the water produced through an electrode reaction without pre-humidification of fuel and oxidant gases. Although the management of the vapor permeation rate through gas diffusion layers will be most effective for such a self-humidified PEMFC, it isn't so easy to achieve it in the wide range of current density.
Introduction
In recent years, global warming due to greenhouse gases such as carbon dioxide has been assessed as a serious problem. Increasing the efficiency of automobiles and power generation plants that consume a large amount of fossil fuels is effective for reduction of carbon dioxide emissions. Therefore, cogenerations for household use and electric vehicles that utilize polymer electrolyte membrane fuel cells (PEMFC) as a power supply have been receiving attention.
However, before practical application of PEMFC becomes feasible, it is necessary to solve a variety of technical challenges. The typical PEMFC electrolyte membrane used is a perfluorinated sulfonic acid ion-exchange resin. In order to obtain high cell voltage in a PEMFC, sufficient water must be contained within the membrane, and high humidity must be maintained within the catalyst layer (CL). When the fuel cell is operated with low relative humidity (RH) in the cell, the membrane dries, thereby causing a decrease in ionic conduction, which in turn decreases output density. However, it is desirable that the RH of supply gas to the cell is maintained as low as possible in order to simplify and downsize the PEMFC, thereby achieving cost reduction. We previously introduced (1) an optimum cell structure and method of manufacture. The optimum structure features water management layers (WML), which consist of fine carbon powder. These layers keep the water produced within the CL when installed between the CL and the gas diffusion layer (GDL) of the anode and cathode. The vapor diffusion coefficient is gradually changed from the oxidant inlet toward outlet through the use of the WML. Humidification is inhibited in the areas of fuel and oxidant supply to the cell by the decrease in the diffusion coefficient. This maintains high humidity in the electrolyte membrane and CL over the entire cell, using only the water generated by the electrode reactions. Nevertheless, even with gradient WMLs, it is difficult to achieve non-humidification in the fuel and oxidant under varied, low to high, current densities.
Using the cell simulator developed in a previous report (2) , this study evaluates the vapor diffusion coefficients of the GDL and WML and the cell operating conditions required to maintain high-humidity within the CLs of the anode and cathode, while the inlet gases are maintained at low humidity over the range from a low current density of 0.3 A/cm 2 to a high current density of 0.8 A/cm 2 .
Cell Simulator
The simulator allows the phenomena inside the cell to be mathematically analyzed by coupling the electrode reactions, mass transfer and heat transfer, including both evaporation and condensation, as explained in the previous report (2) . Figure 1 shows a model to explain the mass transfer used in this simulator. As shown in the figure, hydrogen supplied from the fuel changes to hydrogen ions on the CL of the anode, and then moves via the water inside the polymer membrane, and finally reacts with oxygen on the CL of the cathode to form water. In this analysis model, the vapor permeation rate n ． H2O (mol/s/m 2 ) in the GDL and WML is determined using Eq. (1).
ω: the mole fraction of water vapor in humidified air. D: diffusion coefficient (m 2 /s) n: molar density of water vapor (mol/m 3 ) z: axis of stacking direction D/t, which is determined by dividing the diffusion coefficient D (m 2 /s) by the thickness of material t (m), is referred to as the vapor diffusion coefficient, as given in the previous report. (2) 
Fig. 1 Mass transfer model in PEMFC

Comparison between counter-flow and co-flow
RH in PEMFC is significantly influenced by the flow direction of fuel and oxidant. Therefore, the conditions under which the PEMFC can be operated in low humidification from low current density to high current density are identified. Using the simulator detailed in § 2, RH conditions are calculated and compared for two flow types. One is co-flow, in which the fuel flows in the same direction as that of the oxidant, and the other is counter flow, in which fuel flows in the opposite direction to that of the oxidant. The analysis determined which flow type is dominant for uniform distribution of humidity in the CL; in co-flow, or counter-flow. Table 1 gives the analysis conditions used. The active cell area size is 3×15 cm, the operating pressure is set to ambient pressure, the cell temperature to 80 °C, fuel utilization rate to 70%, and the oxidant utilization rate in non-humidified air is set to 40%. Furthermore, the water diffusion coefficient of the polymer membrane is set to 2.0×10 -2 m/s, which is obtained through the water permeation test (2) for commercially available Nafion 112 (DuPont), and the vapor diffusion coefficient of the GDL + WML is set to 2.0×10 -3 m/s. The current density is fixed at 0.4 A/cm 2 .For the fuel, methane reforming gas, as indicated in Eq. (2), is used.
Analysis conditions
From Eq. (2), the reforming gas contains 17% CO 2 and H 2 O. Table 1 . Analytical conditions for evaluation of the difference between co-flow and counter-flow. Fig.  3 (a) indicates that there is higher RH and more uniform distribution in the CL over almost the entire active cell area for counter-flow than that for co-flow. This is due to the water content in the fuel and oxidant gases. For co-flow shown in Fig. 2(a) , in the vicinity of x = 0 cm, the generated water in the cathode CL is more likely to diffuse into the fuel and oxidant, since the water content in the fuel and oxidant is low. Therefore, the RH within both of the CLs is low at the inlet of the fuel and oxidant. In the vicinity of x = 15 cm, the diffusion of water from both layers into each fuel and oxidant flow is retarded, since the water content in the fuel and oxidant is high, and the humidity within both the CLs is high at the outlet of the fuel and oxidant. On the other hand, in the vicinity of x = 0 cm, a large amount of water is contained in the oxidant in the counter flow type of Fig. 3(a) . Diffusion of water from the CL to the oxidant flow is retarded, and high humidity within the CL is maintained at the oxidant outlet. At the same time, the RH of the fuel increases as hydrogen is consumed, which increases the RH in the CL at the oxidant inlet in the vicinity of x = 15 cm. It is assumed that this caused the relatively high humidity over the entire surface of the active cell area.
Analysis results
From the current density distribution illustrated for co-flow in Fig. 2 (b) and for counter-flow in Fig. 3(b) , the current density distribution is more uniform over the entire surface of the active cell area for co-flow rather than for counter-flow. The current density is higher when the oxygen mole fraction in the oxidant is higher, and the vapor pressure in the anode CL is higher. In the case of co-flow, the oxygen mole fraction in the vicinity of x = 0 cm is high, but the vapor pressure in the anode CL is low. Furthermore, at the oxidant outlet area in the vicinity of x = 15 cm, the oxygen mole fraction is small, but the vapor pressure of the anode CL is high. As a result, the current density becomes almost uniform over the entire active cell area, due to the offset from the two effects of oxygen mole fraction and vapor pressure in the anode CL. However, for counter flow, the vapor pressure within the anode CL is almost uniform over the area from x = 0 cm to x = 15 cm; the oxygen mole fraction decreases linearly from x = 15 cm to x = 0 cm. A linear decrease in the current density, controlled by the oxygen mole fraction in the oxidant, is observed from x = 15 cm to x = 0 cm. However, the distribution is rather small, and so it can be regarded as uniform.
Analyses of the humidity distribution and current density distribution for co-and counter-flow in the cell were conducted. Based on these analyses, it can be concluded that counter-flow is more suitable than co-flow, for a cell with less-humidified oxidant, because uniform humidity distribution can be maintained in the cell. 
Maintaining high humidity in the catalyst layer under non-humidified oxidant operation
Based on the analyses in § 3, we discuss how to maintain high humidity in CLs of both sides of the electrolyte membrane over a low to high current density range, using only water generated through electrode reactions by optimally controlling the GDL + WML vapor diffusion coefficient and the oxidant utilization rate. More specifically, since the amount of water generated by the electrode reactions in the high-current density area is large, drainage of the generated water into gas flow paths is induced by increasing the GDL + WML vapor diffusion coefficient, which can avoid flooding where liquid water may block the gas pores in the porous materials. On the other hand, in the low current density area, the amount of generated water is small, and therefore both CLs are dry. Because this disables the water supply required for proton mobility, the cell voltage may drop for a short time. In this case, high humidity in the CLs is maintained by limiting the flow of water into the gas flow paths by maintaining a low GDL + WML vapor diffusion coefficient, or limiting the flow of water to the outside of the cell by increasing the oxidant utilization rate.
Specific analyses were conducted using the cell simulator introduced in § 2. Analytical evaluation showed that the GDL + WML vapor diffusion coefficients and oxidant utilization rates, in which the RH of the anode and cathode CLs were 80% to 100%, could be maintained when a non-humidified oxidant inlet area was maintained. These analyses were conducted for two cases; one at 0.3 A/cm 2 and featuring low levels of generated water, and another at 0.8 A/cm 2 and featuring high levels of generated water. Table 2 . As described in § 3, the fuel and oxidant flow direction was set to be counter-flow in order to maintain a uniform humidity distribution in the cell as much as possible, and the average current densities of the cell were set to be 0.3 A/cm 2 and 0.8 A/cm 2 . Under these conditions, the GDL + WML vapor diffusion coefficient for the fuel and oxidant, and the oxidant utilization rate were varied. Table 3 indicates the range of GDL + WML vapor diffusion coefficients in the fuel and oxidant that were used for the analyses and the division range upon analyses. As shown in this table, the analysis range of vapor diffusion coefficients in the GDL and WML were set to be from 1.0×10 -4 m/s to 1.0×10 -2 m/s. That is, the range from D G /t G = 1×10 -4 m/s to 3×10 -4 m/s is segmented in 0.2×10 -4 m/s steps, the range from D G /t G = 3×10 -4 to 1×10 -3 m/s in 0.5×10 -4 m/s steps, the range from D G /t G = 1×10 -3 to 3×10 -3 m/s in 0.2×10 -3 m/s steps, and the range from D G /t G = 3×10 -3 to 1×10 -2 m/s in 0.5×10 -3 m/s steps. Figure 4 shows the results of the analyses. The enclosed areas in this figure indicate the range of the GDL + WML vapor diffusion coefficients for the anode and the cathode to maintain the RH of the both CLs at 80% to 100% under current densities of 0.3 A/cm 2 and 0.8 A/cm 2 and oxidant utilization rates of 40% and 60%, respectively. As clearly shown in this figure, the GDL + WML vapor diffusion coefficients of the anode are spread widely, but those of the cathode are very narrow. This is because water is produced due to power generation at the cathode layer, and therefore the RH of both CLs will be greatly influenced by the GDL + WML vapor diffusion coefficient of the cathode. Furthermore, it was found that the GDL + WML vapor diffusion coefficient of the cathode, which is required to maintain high humidity of both catalyst layers under the condition of a non-humidified oxidant at a high current density of 0.8 A/cm 2 , is D G /t G = 2×10 -3 to 4×10 -3 m/s, but that under a low current density of 0.3 A/cm 2 is D G /t G = 8×10 -4 to 1.2×10 -3 m/s. This result indicates that maintaining high humidity in the catalyst layers over a wide density range, from low to high current density, is impossible without humidification of the fuel and oxidant inlet areas, even if the GDL + WML of the fuel and oxidant in the cell are changed. The change of oxidant utilization influences the range that the anode and cathode CLs can be maintained at high RH. However, there is no overlap area between the current densities of 0.3 A/cm 2 and 0.8 A/cm 2 . Fig. 4 Vapor permeation coefficient range to maintain RH of 80-100%
Analysis conditions The analysis conditions are listed in
Analysis results
1.0×10 -4 ～3.0×10 -4 0.2×10 -4 3.0×10 -4 ～1.0×10 -3 0.5×10 -4 1.0×10 -3 ～3.0×10 -3 0.2×10 -3 3.0×10 -3 ～1.0×10 -2 0.5×10 -3
Maintaining high humidity in catalyst layer under low-humidified oxidant operation
In this section, the area to maintain both CLs at high humidity was investigated using a slightly humidified oxidant cell inlet area in the low current density region, while under high current density the oxidant inlet area was not humidified. The GDL + WML vapor diffusion coefficients of the anode and the cathode, which can maintain both high humidity CLs over a wide range of current densities, were determined through numerical analysis using the cell simulator introduced in § 2. Table 4 provides the analysis conditions used. From the results given in § 4, it is difficult to maintain the RH of both catalyst layers from 80% to 100% without humidification of the oxidant inlet area by only changing the utilization rate, because the amount of generated water in the low current density region is small. Accordingly, as shown in Table 4 , the cell inlet area is humidified by each degree, with the dew-point temperature ranging from 55 to 60 °C. The utilization rate of oxidant at 0.3A/cm 2 is 60%, in order to maintain generated water in the CLs, and that at 0.8A/cm 2 is 40% in order to eject water from the CLs. The overlapping regions are identified through numerical analysis, where the GDL + WML vapor diffusion coefficient control the RH of both catalyst layers at values from 80% to 100% by increasing the humidification temperature of oxidant in the low current density region, while the oxidant inlet area at the high-current region is not humidified. Through this process, the GDL + WML vapor diffusion coefficient that can maintain the high RH of both CLs while the inlet oxidant non-humidified or low humidified, is identified. In this case, conditions other than the utilization rate and dew-point temperature are set to be the same as those given in Table 2 . Figure 5 shows the results of the analysis. The three regions in this figure indicate that the ranges of the GDL + WML vapor diffusion coefficients of the anode and cathode that maintain the RH of both CLs at 80% to 100% under the following three operating conditions. In the first condition, the oxidant utilization rate for a high current density of 0.8 A/cm 2 is set to 40% and the cell inlet area of the oxidant is not humidified at all. In the second condition, the oxidant utilization rate for a low current density of 0.3 A/cm 2 is set to 60% and the cell inlet area of the oxidant is humidified to a dew-point temperature of 56 °C. In the third condition, the oxidant utilization rate for a low current density of 0.3 A/cm 2 is set to 60% and the cell inlet area of the oxidant is humidified to a dew-point temperature of 60 °C. Regions under other humidification temperatures are omitted in this paper. The GDL + WML vapor diffusion coefficients of the cathode overlap in the small region of around D G /t G = 2×10 -3 under the first and second operating conditions, but in the first and third operating conditions, the GDL + WML vapor diffusion coefficients of the cathode overlap at the region of D G /t G = 2×10 -3 to 3×10 -3 m/s. Evaluation of analysis results including other humidification conditions indicate that the RH of both CLs can be maintained to be very high at 80% to 100% by means humidification of the oxidant to 56 °C or higher for a low current density condition of 0.3 A/cm 2 , and operating without humidification of the oxidant for a high current density of 0.8 A/cm 2 . 
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Conclusion
Analytical evaluation of a PEMFC using a cell simulator was undertaken to determine the GDL + WML vapor diffusion coefficients and the operating conditions of the cell, in order to maintain high humidity within the anode and cathode CLs over the range from a low current density of 0.3 A/cm 2 to a high current density of 0.8 A/cm 2 , and with fuel and oxidant inlet areas maintained at relatively low humidity. As a result, it was clarified that for a cell to maintain high humidity for both the layers over a wide current density range, the GDL + WML vapor diffusion coefficient of the cathode must be maintained from D G /t G = 2×10 -3 to 3×10 -3 m/s, and the GDL + WML vapor diffusion coefficient of the anode from D G /t G = 2×10 -4 to 1×10 -3 m/s, and the oxidant in low current density region requires a humidification temperature of 60 °C.
